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Recovery of Rare Earthsfrom Magnet Sludge by FeCl,
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A large amount of neodymium magnet sludge is generated during the manufacture process. Because the sludge is considerably con-
taminated by oxygen, it is difficult to reuse it as it is. The present basic study has been carried out to establish efficient recycling process of
the sludge. The rare earths in the neodymium magnet sludge were extracted by chlorination with FeCl,. An activated carbon was used as a
de-oxidation reagent. Metallic iron in the sludge was not chlorinated because the iron monochloride is not stable. The extracted rare earth
chlorides were easily separated from Fe-alloy and the excess of FeCl, by vacuum distillation. In this study, 96% of neodymium and 94% of
dysprosium in the sludge were extracted into chloride phase. By the vacuum distillation, a mixture of neodymium and dysprosium trichlorides
of 99.2% purity was recovered with the rare earth element’s yield of 76% for the charged sludge. In addition, it was confirmed that the rare
earth chlorides can be converted to the corresponding oxides by a pyrohydrolysis reaction accompanied by aformation of HCI gas. The HCI gas
can chlorinate metallic iron to FeCl,. Therefore, a new recycling process for rare earth magnet waste can be realized as a chlorine circulation
type process. During the process, only carbon and water are consumed, and there are no toxic pollutants. Moreover, the obtained rare earth
oxide can be directly used as raw material in the oxide electrolysis, which is the conventional industrial reduction process for rare earth metal

production.
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1. Introduction

Because sintered Fe;4Nd,B based magnet is the strongest
permanent magnet, it has been used in various electronic de-
vices.?) The magnet production is increasing by 20 percent a
year. On the other hand, a large amount of magnet waste is
produced during the magnet manufacture process. For exam-
ple, amount of scrap yielded is only several percent relative
to the raw material, while the amount of sludge (grinding and
processing waste) is several tens of percent of that of the raw
material.? The sludge is considerably contaminated by oxy-
gen and it is difficult to reuse it asit is. Thus, developing an
effective recycling process for the magnet sludgeis of crucial
importance.

Several wet processes for recycling the sludge has been
proposed.>® One of drawbacks of the processes is that they
produce a large amount of wastewater. As an alternative pro-
cess, other researchers have proposed a new dry recycling
process for the magnet scrap by using a metallic extraction
reagent such as molten magnesium or silver.5® They suc-
ceeded in recovering the rare earths in metallic state as Mg
or Ag aloys, and suggested that it is easy to remove mag-
nesium from magnesium-rare earth aloys by distillation at a
high temperature. Regarding to the scrap recycling, it is our
belief that this method is one of the most promising meth-
ods because of its simplicity. In the case of sludge recycling,
however, it is rather difficult to apply the Mg or Ag alloy ex-
traction method dueto the high level of oxygen contamination
in the sludge (typically 3.8 mass%0?). As an alternative pro-
cess applicable to the oxygen contaminated sludge, the slag-
metal separation process was proposed recently.? But, as far
as the tria results were revealed, good separation between
the rare earth enriched slag phase and the iron enriched metal
phase has not been developed yet. On the other hand, a re-
cycling process based on the metal calcium de-oxidation was
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proposed for Sm-Co magnet waste.? However thereisno re-
port on the practical de-oxidation method for Nd—Fe-B mag-
net waste as far as we know, although some trials for devel-
oping efficient de-oxidation method are being carried out.”)

Another recently proposed dry processes are based on chlo-
rination of the scrap and sludge.*>*? Murase et al. reported
a recycling process by CVT (Chemical Vapor Transport)
method combined with the sludge chlorination by chlorine
gas.'13) The excellent separation between rare earths and
iron or cobalt was demonstrated by the CVT method. Never-
theless, theinherent disadvantage of the processis unselective
chlorination, which consists in that all the metallic elements
in the sludge are chlorinated. Therefore, further processes for
the treatment of iron chloride are necessary.

To develop a more advanced process for the sludge recy-
cling, the problem of iron chlorination should be avoided.
For this purpose, we carried out abasic study on the selective
chlorination of rare earths in the neodymium magnet sludge
(Fe-Nd-B system) by FeCl, and proposed a basic concept of
novel recycling process for the rare earth magnet sludge.

2. Principleand Thermodynamics

2.1 Thermodynamics of chlorides

The chemical potentials of chlorine at equilibrium between
a metal and the corresponding chloride, and that between
lower and higher valence chlorides are calculated on the ba-
sis of available thermodynamic data.'*® The calculated re-
sults are plotted in Fig. 1. The chemical potentia of chlorine
at Hyo/HCI equilibrium is aso plotted in the figure. Among
the elements shown in Fig. 1, Ni and Al are usually used as
coating material for the commercial rare earth magnets. The
elements such as Co, Dy and Al are used as additive elements
in the neodymium magnet. As seen from Fig. 1, the chemical
potentials of chlorine at equilibrium between the rare earth
metals and corresponding dichlorides are considerably lower
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Fig. 1 Chemical potential of chlorine at each equilibrium.

than those at the equilibrium between the iron group metals
and corresponding dichlorides. Thus, when rare earth metals
coexist with the iron group metals in a metal mixture, rare
earth metals can be chlorinated without any chlorination of
the iron group metals if the chemical potential of chlorine
in the system is kept between the equilibrium potential of
Fe/FeCl, and that of Nd/NdCl,. One of the simple meth-
ods to set the chemical potential of chlorine in such range
is addition of FeCl, to the dudge. As the activity of iron
in the neodymium magnet sludge is unity or close to unity,
Fe/FeCl, equilibrium can be attained by the only addition of
FeCl,. Moreover, the use of FeCl, is attractive because the
molten FeCl, (m.p. 950K, b.p. 1297 K) is expected to act as
areaction medium for the chlorination reaction of rare earths
in the sludge.

Figure 2 shows the activity of neodymium and neodymium
dichloride calculated under the following conditions. 1 The
chemical potential of chlorine is fixed at Fe(are = 1)/
FeCla(agect, = 1) equilibrium. 2 The activity of neodymium
trichloride is equal to 0.1, 0.01, or 0.001. As seen from the
figure, the activity of neodymium at the equilibrium is lower
than ~ 10~% in the temperature range from 800 to 1300K.
Thus, if the neodymium activity in the sludge is higher than
~ 102, the following reaction can be expected,

2Nd in sludge + 3FeCl, — 3Fe+ 2NdCl3 (N}

Under condition of the Fe/FeCl, equilibrium, the activity
of neodymium dichloride is considerably lower than that of
neodymium trichloride. This suggests that the concentration
of divalent neodymium in the FeCl,—NdCl; molten salt can
be neglected.
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Fig. 2 Activities of neodymium and neodymium dichloride when the
chemical potential of chlorineisfixed at Fe/FeCl, equilibrium and activity
of neodymium trichloride isfixed at 0.1, 0.01 or 0.001.
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Fig. 3 Phasediagrams of iron-rich corner in the system Fe-Nd-B at 973K
and 1273 K. Activity of neodymium at each phase equilibrium is shown.
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culating the neodymium activity. Activities of boron are: at 973K, O
42 x 105017 x 10740 26 x 1074 a 1273K, 0 49 x 1074 O
22x10°%022x 1073,

2.2 Thermodynamics of the system of Fe-Nd-B

We adopt the basic composition of Fe;4Nd,B asthe compo-
sition of the neodymium magnet for the thermodynamic dis-
cussions for the sake of simplicity. Phase diagrams of iron-
rich corner of the Fe-Nd-B system at 973 and 1273K are
shown in Fig. 3 together with the activity of neodymium. For
the calculation of activities, thermodynamic data assessed by
Hallemans et al.'”) are used. The data are listed in Table 1.
As can be seen from the figure, the activities of neodymium
at concentration lower than that of Fe;4uNd,B are larger than
45 x 1073 at 973K and 5.6 x 1072 at 1273K respectively.
These values are considerably higher than the equilibrium val-
ues, ang = ~ 10~%°, shownin Fig. 2. Therefore, it is expected
that almost all neodymium of the Fe;4Nd,B can be extracted
to molten chloride phase when the chemical potential of chlo-
rineis fixed at Fe/FeCl, equilibrium.

2.3 Thermodynamics of the system of L n—-O—ClI
Because the magnet sludge is highly contaminated by oxy-
gen, a part of rare earth in the dudge exists as rare earth ox-
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Table 1 The standard Gibbs energy of formation, A;G°, of intermediate
compounds in the system Fe-Nd-B at 973K and 1273 K. These datawere
calculated from equations suggested by Hallemans et al 17

) X -1
Phases AsG°/kJmol
973K 1273K
FeoB —66.8 —64.9
Fei4sNd-B —1335 —126.0
FE4Nd1vllB4 —315.8 —292.8
Fep7Nd; —51.9 _45.4
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Fig. 4 Chemical potentia diagram for Nd-O-Cl system at 1073K.
Fe/FeCl, and C/CO (pco = 102 MPa) equilibrium are also plotted.

ides (Ln,O3 (Ln = rare earth element)) and/or hydroxides
(Ln(OH)3). The latter decomposes into Ln,O3 and H,0 at
elevated temperatures. Thus, the carbochlorination method
for the conversion of rare earth oxides to chloridesis applied.
For the quantitative consideration, the chemical potential di-
agram is shown in Fig. 4 for Nd-O-Cl system at 1073K.
As seen from the figure, when the partial pressures of oxy-
gen and chlorine are fixed at Fe/FeCl, and C/CO (the par-
tial pressure of CO gas, pco, is less than 10~2 MPa) equilib-
rium, the stable neodymium compound is NdCl3. The value
of pco = 10~? MPais high enough for CO gasto diffuseinto
an atmosphere under 0.1 MPa. Thus, the carbochlorination of
NdOCI by FeCl; is expected as the following reaction,

NdOCI(s or in molten salt) + FeCl,(in molten salt) + C(s)
— CO(g) + NdCl3(in molten salt) + Fe(s). 2

Under conditions pco < 102MPaand T = 1073K,
the equilibrium partia pressure of CO, gas is less than
10-5MPa¥

In order to confirm that reaction (2) proceeds, we carried
out aseries of preliminary experimentsat 973 K. A mixture of
neodymium oxide (Nd,Os3), activated carbon and FeCl, was
heated for 6 h under Ar atmosphere of atmospheric pressure,
and then the product was recovered by a vacuum distillation.
As the results, the formation of NdClz was observed, while
the formation of NdClz was not observed without activated
carbon. Therefore, the conversion of rare earth oxide in the
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Fig. 5 Vapor pressures of metal chlorides in the literature are plotted
against inverse temperature. 14

magnet sludge to the corresponding chlorides by FeCl, can
be achieved by addition of carbon.

2.4 Possibility of vacuum distillation

Figure 5 presentsthe vapor pressures of various metal chlo-
rides available in the literature.*® For iron and cobalt chlo-
rides, total vapor pressures of dichloride monomer and dimer
are plotted. The vapor pressures of iron and cobalt trichlo-
rides are also calculated with the partial pressure of chlorine
at the Fe(s)/FeCl,(I) or Co(s)/CaCly(l) equilibrium. The cal-
culated pressures are considerably smaller than those of cor-
responding dichlorides. For example, the vapor pressure of
FeCl; is 7 x 10" MPaat 1100K. As seen from the figure,
the vapor pressures of dichloride of the iron group elements
are three orders of magnitude larger than those of rare earth
trichlorides. This difference in vapor pressure ensures a pos-
sibility for the separation of the chlorides of the iron group
elements from the rare earth trichlorides by the vacuum dis-
tillation, during which the dichlorides of iron group elements
and the rare earth trichlorides are transferred via a gas phase
and condense at different temperatures.

In addition to chlorination of rare earth elements in the
sludge, the chlorination of aluminum and boron can be an-
ticipated from Fig. 1 although boron may not be chlori-
nated extensively, because the chemical potential of chlo-
rine at B/BCl3 equilibrium is only dlightly lower than that
of Fe/FeCl, equilibrium and the boron activity in the sludge
is low (the calculated boron activities are shown in the cap-
tion of Fig. 3). But these trichlorides of aluminum and boron
are expected to be easily removed from the rare earth trichlo-
ride by distillation, because the boiling points of AlICl; and
BCl; are considerably lower than that of rare earth trichlo-
rides; AlICl3 (456 K), BCl3 (286 K).

Based on the above thermodynamic consideration, we
adopt FeCl, as a chlorination reagent for the selective chlo-
rination of rare earth elements in the neodymium magnet
sludge.
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3. Experimental

3.1 Apparatusand materials

A schematic drawing of the apparatus used for the extrac-
tion of rare earth elements combined with the vacuum distil-
lation is shown in Fig. 6. A closed end stainless steel tube
(1.D. 35mm) was placed vertically inside a heater. The up-
per part of the stainless steel tube was wrapped with a heat
insulator. A cold trap filled with liquid nitrogen was placed
between an exhaust port and vacuum pump. A graphite cru-
cible (1.D. 24mm) was placed at the bottom of the stainless
stedl tube. Two upended graphite crucibleswith 10 mm hole
wereinserted inside the stainless steel tube asshownin Fig. 6.
The upended graphite crucibleswere used asa*lower temper-
ature collector” and “higher temperature collector”, respec-
tively. In the distillation experiments, temperatures of the
collectors were in the range from 853 to 1123K and from
413t0 853K respectively. A mixture of 159 of FeCl, powder
(purity 99.9%), 1.0g of activated carbon (purity 98%) and
5.0g of magnet sludge was placed in the graphite crucible
inside a glove box under a high purity Ar atmosphere. The
dried magnet sludge was obtained from Shin-Etsu Chemical
Co., Ltd. The composition of the magnet sludge is 61.2%Fe—
24.1%Nd-4.5%Dy—1.0%B (mass%). Aluminum and cobalt
arealsoinvolved in the sludge as additional elements. The ac-
tivated carbon and sludge were dried under vacuum at 473K
for 3 days before experiments.

3.2 Procedure

Before starting the experiments, the atmosphere inside
the stainless steel tube was replaced by a high purity Ar
gas. Then, temperature of graphite crucible was raised up
to 1073 K and kept at the temperature for 12 h. Subsequently,
the temperature of graphite crucible was raised up to 1273K,
and then evacuation of the stainless steel tube and distillation
were started. The heater powering was cut off after the distil-
lation of 3h. The mass of condensate on the interior surface

Thermocouple

Cold trap Vacuum pump
t =II::>| (qu.Nztemp.)|q (~10" torr)
vE\
Exhaust port
<« Stainless Steel Tube

\Graphite Tube(L 7.5¢cm)

Heat Insulator

Lower Temperature Collector(413 to 853K) ]
(Upended Graphite Crucible with ¢ 10mm Hole(L 15cm))

o {Higher Temperature Collector(853 to 1123K)]
(Upended Graphite Crucible with ¢ 10mm Hole(L 10cm))

<—Electric Heater

K Graphite Tube(L 12.5 cm)

'-%Thermocouple
Graphite Crucible(l.D. 24mm L 5cm)

Mixture of FeCl,,activated carbon and magnet sludge

Fig. 6 Schematic diagram of apparatus for vacuum distillation of chlorides
in combination with selective chlorination of rare earth elements in the
magnet sludge by FeCl».

of the each collector was determined from the change in the
mass of each collector after the distillation experiments. All
the chlorides, deposited on the collector surfaces, were dis-
solved in a hot concentrated nitric acid. The residue in the
graphite crucible after the experiments was removed from the
crucible and ground to fine powder by an agate mortar. Then
a part of the powder was dissolved in hot concentrated nitric
acid. The concentrations of iron, neodymium, dysprosium
and boron in the solutions were analyzed by the inductively
coupled plasma-atomic emission spectrometry (ICP-AES). In
another runs, the chlorides deposited on the collector surfaces
and residue in the graphite crucible were collected inside the
glovebox. Then, al elementsin the periodic table except ones
from hydrogen to oxygen were analyzed qualitatively by X-
ray fluorescence analysis (XRF). The phases, presented in the
residue, were identified by X-ray diffraction analysis (XRD).

4., Resultsand Discussion

4.1 Experimental results

The extraction and distillation experimentswere carried out
under various conditions. Typical results of the experiments
will be discussed in detail below.
4.1.1 Condensateon the collector surface

After extraction (1073K for 12h under Ar-atmosphere)
and vacuum distillation (1273K for 3h), green and gray de-
posits were observed inside the higher temperature collector,
while a yellow ocher deposit was observed inside the lower
temperature collector. The cationic mass percent of Fe, Nd,
Dy and B of the higher and lower temperature deposits, and
the deposit mass are shown in Table 2. It should be noted that,
when the lower temperature collector was removed from the
stainless steel tube, asmall part of deposit fell out of the lower
temperature collector into the stainless steel reaction tube so
that the deposit mass of the lower temperature collector must
be dlightly larger than that shown in Table 2. By the qualita-
tive XRF analysis, a trace of manganese (Mn) was found in
the lower temperature deposit. The trace probably came from
the stainless steel tube. No other cationic element was de-
tected in both the higher and lower temperature deposits. The
cationic mass percent of (Nd + Dy) to (Fe+ Nd+ Dy + B) is
99.2% in the higher temperature deposit as shown in Table 2.
In the case of the lower temperature deposit, the cationic mass
percent of Feto (Fe+ Nd + Dy + B) is98.7%. Thus, we can
conclude that the higher and lower temperature deposits are
LnClz-enriched and FeCl,-enriched chlorides, respectively.
The high purity of rare earth chlorides (99.2%) in the higher
temperature collector suggests that there is a possibility for
producing a mixture of neodymium and dysprosium metals
of 99% purity by a subsequent reduction process.
4.1.2 Residuein thegraphitecrucible

A black residue was obtained in the graphite crucible. The
photographs of the sludge before experiment and residue af-
ter it are shown in Fig. 7. The residue is in the form of a
slightly agglomerated powder. The X-ray diffraction patterns
of the sludge and residue are shown in Fig. 8. In the sludge,
diffraction peaks corresponding to Fe;4sNd,B and Nd(OH);
are observed. However, no diffraction peak corresponding to
FeisNd,B and Nd(OH);3 is observed in the residue. Instead,
the diffraction peaks of Bcc-Fe, graphite, Fe;C and NdOCI
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Table 2 Cationic mass percent of Fe, Nd, Dy and B in lower and higher temperature deposits.

Cationic mass percent of Fe, Nd, Dy and B Mass of deposit
Ci/(Cre + Cnd + Cpy + Cg) x 100* /
Fe Nd Dy B (Nd + Dy) wig
Higher Temperature Deposit 08 824 168 99.2 186
(853 to 1123K) ' ' ' na : :
Lower Temperture Deposit 98.7 0.7 0.3 0.2 10 11.51
(41310 853K) ‘ ‘ ' ) ' ‘
*Cj . mass% of i.
(a)Sludge as received (b)Residue after experiment
1cm ‘
Fig. 7 Photograph of initial sludge and residue after experiment.
AU T R N N R N B N
Cu—Ka % BooFe * Graphite Table_ 3 Composmo_n and mass of Fe, Nd, Dy and B in initial sludge and
v NdOCI O Fe C[35-0772] residue, and extraction ratio for rare earths.
. % 7O o% o Residue after experiment €) Composition of Fe, Nd, Dy and B Other elements
. fee]
3 Rl 5 ° Gi/mass% detected by XRF
< [ 2 Nd(oH), [06-0601] | Fe Nd Dy B
% ﬁ A ﬁ A M?JM 2 Sludge as received Sludge 61.16 24.12 4.47 1.00 Al, Co
A
g A Residue* 79.43 0.66 0.18 0.57 Co, Cl
o+
c
= b) M f Fe, Nd, D d B it
{ \ M JCPDS Fe,,Nd,B[39-0473] ®) asare yen Mass of initial
- | |.|I.|.‘ '||| 1‘ ” lli RV TP P wilg slud%e
o o o o o o o o o X 10_3 mol Oor residue
10° 20° 30° 40° 50° 60° 70° 80° 90 N e ol
20 Sludge 3058 1206 0224  0.050 5.000
Fig. 8 X-ray diffraction patterns of the sludge as received and residue after (55.7)  (8:36) (1.38)  (4.6)
experiment. Residue™ 5.600 0.046 0.013 0.040 7.051
(102)  (0.321) (0.080)  (3.7)
are dgtected. The formation of metallic iron, Fe3C', LnCl3 (C) Extraxtion ratio(%) Nd Dy Average
and disappearance of Fe;4Nd,B suggest that the reactions ex- %2 w2 %o

pressed by egs. (1) and (2) proceeded actually.

The composition of the sludge and the residue after exper-
iments are shown in Table 3(a). A large part of rare earth
in the sludge was chlorinated and extracted. The mass per-
cent of neodymium and dysprosium decreased to 0.66% from
24.12% and to 0.18% from 4.47%, respectively. The ele-
ments, detected in the residue and the sludge by the quali-
tative XRF analysis, are also listed in the table. Table 3(b)
presents mass of Fe, Nd, Dy and B in the sludge and residue.
As seen from Table 3(c), the extraction ratio is 96% for Nd
and 94% for Dy respectively. The extraction ratio is defined

sxUnreacted active carbon isincluded in the residue.

s Theinceasein the mass of iron is dueto reactions caused by the reduction
of FeCl, to Fe or Fe3C.

astheratio of lossin amount of the rare earth in the graphite
crucible to amount of the rare earth in the initialy charged
dludge. On the other hand, the mass of rare earth trichlo-
ride obtained in the higher temperature collector is 1.869 as
shown in Table 2. It is corresponding to 76% relative to the
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mass of rare earth trichlorides calculated from the assump-
tion that al the rare earth elements in the initially charged
sludge have been chlorinated to corresponding trichlorides.
This means that some part of rare earth trichlorides is not
recovered at the higher temperature collector. A part of un-
recovered rare earth trichloridesis mixed in the lower temper-
ature deposit. Therefore, if FeCl,, deposited in the lower tem-
perature collector, isreused at the next batch, therare earthsin
FeCl, deposit can be recovered. Another part of un-recovered
rare earth trichlorides may deposit on the graphite tube adja-
cent to the higher temperature collector or on the surface of
inner stainless steel tube surrounding the carbon parts.

4.1.3 Chlorination of other elementsin the dudge

The sludge contains small amounts of Al and Co as addi-
tional elements. After the experiments, auminum was not
detected in the residue by the XRF analysis. The amount of
boron in the graphite crucible decreases dightly after the ex-
periments as shown in Table 3(b). These observations suggest
that a part of boron and almost all aluminum in the sludge are
chlorinated by FeCl,. It should be noted that formation of
BCl3 and AICl; is possible from thermodynamic viewpoint
as it can be deduced from Fig. 1. Actually, the aluminum
chloride deposit was found on the inner surface of the ex-
haust port (Fig. 6) which was kept at room temperature. Itis
expected that boron trichloride is also trapped at the cold trap
because the boiling point of boron trichloride (b.p. 286K) is
lower than room temperature. In the experiments, however,
the concentration of boron in the cold trap was lower than
the detection limit of ICP analyzer, while significant concen-
tration of boron is obtained in the lower temperature deposit
that consists mainly of FeCl, as shown in Table 2. The rea-
son why boron chloride deposits with FeCl, at temperatures
higher (> 413K) than the boiling point of BCl3 (286K) is
not clear yet. But such a phenomenon may be caused by for-
mation of complex chloride consisting of BCl3 and FeCl,, al-
though such a complex formation is not reported as far as we
know. Cobalt was not found in the deposit at both the higher
and lower temperature collectors, and in the deposit at the ex-
haust port, while it was detected in the residue in the graphite
crucible. Thus, it can be concluded that cobalt in the sludge
is not chlorinated by FeCl,, which is understandable qualita-
tively from thermodynamic viewpoint.

As shown in Table 3(b), the increase in the amount of iron
inthe residue is 2.54 9. Thisvalueis significantly larger than
the corresponding stoichiometric value, 0.78 g, calculated for
the chlorination reaction (egs. (1) and (2)) of rare earth ele-
ments in the sludge. A part of the excess iron formation is
caused by chlorination of Al and B in the sludge. However,
even with considering the chlorination, the experimentally
obtained amount of iron is still larger than the theoretically
estimated value. As another reason, the excessiron formation
may be caused by the reaction H,O(g) + FeCl»(1,9) + C(s) —
Fe(s) + 2HCI(g) + CO(g). The H,O probably comes from the
decomposition reaction of Nd(OH)3 that is confirmed by the
XRD anaysisin the sludge.

4.2 Conversion of trichlorideto oxide

As described in the above sections, a mixture of
neodymium and dysprosium chlorides of fairly high purity,
99.2%, was obtained in the present experiments. The rare

earth chlorides can be directly used as raw material for the
molten salt electrolysis or metallothermic reduction. How-
ever, in practice, amost al rare earth metals are presently pro-
duced by the rare earth oxide electrolysis. Thus, if the chlo-
rides are supplied as raw materia for conventional process,
we have to convert the obtained chloridesto oxides. In aflow
containing oxygen gas, the conversion of the rare earth chlo-
rides to oxychlorides is relatively easy. But, converting the
rare earth oxychlorides to the corresponding oxides in a flow
of dry air or pure O, requiresvery low partial pressure of chlo-
rine. For example in Nd—O—Cl system, the required partial
pressure of chlorine, pci,, must be lower than 2 x 10->MPa
(indry air) or 3 x 10->MPa (in pure O,) at 1273K. Such
a low chlorine pressure makes removing chlorine gas from
the oxychloride phase practically impossible because of small
driving force for the gas-side mass transfer of chlorine gas.

To investigate a possibility for the conversion of
neodymium trichloride to oxides under pure O, atmosphere,
3.0g of neodymium trichloride hexahydrate (NdCl3-6H,0)
was heated at 1273K for 24h in an alumina boat under
99.9999% O, stream condition (40cm3/min). A typical ex-
ample of the X-ray diffraction pattern of the product after the
experimentsis shown in Fig. 9(a). The abundant phase is the
neodymium oxychloride (NdOCI), and the neodymium oxide
phase (Nd,Oz3) israther minor. Thisresult provesthat it is not
easy to convert neodymium oxychloride to oxide completely
under pure oxygen or dry air atmosphere.

However, when a relatively large amount of water coex-
ists in the gas phase, the following hydrolysis reaction is ex-
pected.

2NdOCI(s) + H20(g) — Nd2O0s(s) + 2HCI(g) (3)

When the partial pressure of H,Ois4.7 x 10-2 MPathat cor-
responds to the vapor pressure of water at 353K (80°C), the
calculated equilibrium partial pressure of HCI at 1273K is
5 x 10~3MPa. This vaue is considerably higher than the
partial pressure of Cl, in the case of dry air or pure O, atmo-
sphere (~ 10> MPa). Therefore, a significantly higher driv-
ing force for the rate of evaporation of HCI from the oxychlo-
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Fig. 9 X-ray diffraction patterns of the product after heating neodymium
trichloride hexahydrate in pure O, at 1273K and in moist air at 1273K.
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ride phase can be expected. Thus, in this case, the conver-
sion of chloride to oxide in moist air can be kinetically easier
than in dry air or pure O, under the same fluid dynamic con-
ditions. Some researchers have studied the dehydration pro-
cess of hydrated rare earth chlorides by a such thermal anal-
ysis as TG (Thermogravimetry) and DTA (Differential Ther-
mal Analysis).’®20 They observed that the conversion of rare
earth chloride to oxide proceeded in air that was not dried
although the mass of their samples placed in a thermal anal-
ysis apparatus was very small (less than 100mg) and some
products were mixture of oxychloride and oxide.

To confirm conversion of neodymium chloride hydrate
to oxide by pyrohydrolysis, some trials were carried out.
Neodymium chloride hexahydrate of 4.0g was placed in a
furnace, heated up to 1273K under moist air stream condi-
tion and kept at these conditions for 24 h. To make air humid,
it was passed through pure water at 353K. Then, the sam-
ple was hold at 1273K for 6h in dry air for the purpose of
decomposition of partially formed Nd(OH); and NdOOH to
Nd,Os3. The X-ray diffraction pattern of the product after the
experimentsis shown in Fig. 9(b). Only Nd,O3 phase can be
detected in the pattern. The sample was also analyzed by the
XRF analysis. As the results, no fluorescent X-ray related to
chlorine is observed. Thus, it is concluded that neodymium
chloride hydrate is completely converted to neodymium ox-
ides under the moist air atmosphere. In other trial runs for
samarium, yttrium and dysprosium chloride hydrates, XRD
patterns of the reaction products showed that these chloride
hydrates can be completely converted to the corresponding
oxides by the pyrohydrolysis reaction.

4.3 Schemesfor recycling process of magnet sludge

The proposed method of selective chlorination by FeCl,
in combination with the conventional electrolysis of oxide
for recycling process of the magnet sludge requires treating
HCI produced in the conversion reaction (eg. (3)). Here, itis
worth discussing the use of HCI asthe chlorination reagent for
metallic iron which left in the residue of magnet sludge after
separation of the rare earth elements. Both gaseous HCI and
hydrochloric acid can chlorinate metallic iron to iron dichlo-
ride. Gaseous HCI can chlorinate iron metal to iron dichlo-
ride at elevated temperatures. It is also possible to synthe-
size FeCl, by dissolving the metal iron into a hydrochloric
acid solution and following dehydration of the iron dichlo-
ride hydrate under dry HCI gas atmosphere. As an aternative
method, iron dichloride methanol solvates are formed when
metal iron is dissolved into hydrochloric acid with a large
amount of methanol and the solution is evaporated.?? Asthe
iron dichloride methanol solvates decompose into FeCl, and
methanol at 433K under vacuum, the dehydration under dry
HCI gas atmosphere is not necessary. Consequently, we can
construct anew scheme for recycling process of the rare earth
magnet sludge as shown in Fig. 10. In the new process, acir-
culation of chlorine can be achieved. During this circulation,
only carbon and water are consumed, and the products are
Ln,03, Hz, CO or CO,, and Fe-alloy. These products are not
toxic for environment. A part of Fe-alloy may be re-used as
raw material to synthesize FeCl,. The obtained Ln,O3 can be
used as raw material in the conventional electrolysis process

COorCOz2
Fe alloy

Chlorine
Circulation

LnClznH,O

H,O
L n203

Fig. 10 New proposal of recycling process for rare earth magnet sludge.
During the process, only water and carbon are consumed. The products
are LnyO3, Fe-Alloy, CO or CO, and Hy gas. The obtained rare earth
oxide can be directly used as raw material for the oxide electrolysis.

without any pretreatment.

4.4 Outline scheme of recycling for mixture of different
types of magnets

Various types of rare earth magnets are produced for prac-
tical use in recent years. In addition to sintered or bonded
neodymium magnets, rare earth magnets, containing samar-
ium (Sm—Co and Sm-Fe—N), are often used as sintered or
bonded magnets. In the near future, a waste consisting a mix-
ture of different types of rare earth magnets will generate.

As expected from the thermodynamic consideration and re-
sults of the present study, FeCl, can be also used as a chlori-
nation reagent for rare earth elements in the Sm—Co magnet
without chlorination of cobalt. In addition, we believe that
the proposed recycling process can be also applied for the
bonded magnet waste. The bonded magnet consists of rare
earth alloy powder and epoxy resin of several mass percent
in composition. When the epoxy resin is heated under an in-
ert atmosphere, the epoxy resin thermally decomposes into
various gaseous organic compounds and residual char.?? Af-
ter the decomposition, the mixture of residua char and rare
earth magnet powder is mixed with FeCl, and heated. Then,
rare earth elements in the magnet powder will be extracted
into salt phase. It should be noted that the residual char after
heating under inert atmosphere acts probably as de-oxidation
reagent like the activated carbon used in the present study.

Thus, a mixture of rare earth chlorides, containing samar-
ium, neodymium and dysprosium, can be recovered from the
waste of mixture of different type magnets by the proposed
recycling process using FeCl,. Subsequently, we have to sep-
arate samarium from neodymium and dysprosium. In previ-
ous studies, we have investigated anew dry separation process
for rare earth chlorides by vacuum distillation combined with
selective reduction.?®2% The similar idea of rare earth sep-
aration by using the selective reduction was also suggested
by Sato and Nanjo.'? According to our investigation, the
chloride mixture of samarium and neodymium can be sepa-
rated into samarium-enriched and neodymium-enriched chlo-
ride by the vacuum distillation combined with selective re-
duction. Apparent separation factor between neodymium and
samarium in the new dry separation process is Ssmng = 570,
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which is considerably larger than the separation factor of 2.2
to 9.6 reported for the conventional solvent extraction pro-
cess. We believe that the new dry separation process can pro-
vide the separation of samarium and dysprosium chlorides al-
though the process has not been demonstrated (the results on
the separation of samarium and dysprosium in an iodide sys-
tem are aready reported®). Therefore, each rare earth can
be recovered separately from a waste of mixture of the rare
earth magnets by combining the selective reduction-vacuum
distillation method and the proposed recycling process.

5. Conclusions

Therare earthsin the sludge was selectively chlorinated by
FeCl, with activated carbon as a de-oxidation reagent with-
out chlorination of iron. The rare earth chloride was sepa-
rated from Fe-alloy and the excess of FeCl, by the vacuum
distillation. The experimental findings are as follows.

(1) 96% of neodymium and 94% of dysprosium in the
sludge was extracted into chloride phase by heating with
FeCl, and activated carbon at 1073K for 12 h.

(2) The mixture of neodymium and dysprosium trichlo-
ride of 99.2% purity (cationic mass percent) was recovered by
the vacuum distillation with the yield of 76% to the amount
of theinitially charged sludge.

(3) The rare earth chloride hydrates were converted to
corresponding oxides by pyrohydrolysis reaction without for-
mation of rare earth oxychloride. The produced HCI can chlo-
rinate metallic iron to FeCl,.

Above findings give a possibility for establishing a new ef-
ficient recycling process for rare earth magnet as a chlorine
circulation type process. During the process, only carbon and
water are consumed, and the products are rare earth oxide,
Fe-alloy and gaseous hydrogen and carbon oxide. The pro-
cess does not produce any toxic pollutants and wastewater in
principle. Moreover, the obtained rare earth oxides can be di-
rectly used asraw materialsin the oxide electrolysis, whichis
main industrial reduction process at the present.
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